Introduction
Cleidocranial dysplasia (CCD; MIM 119600) is a human autosomal dominant skeletal disorder characterized by persistently open or delayed closure of fontanelles, wormian bones, wide cranial sutures, absent and/or hypoplastic clavicles, wide pubic symphysis, cone-shaped thorax, short stature, late dentition, supernumerary teeth and other skeletal anomalies (1) (2) (3) . It has been demonstrated that haploinsufficiency of the RUNX2 gene (MIM 600211) on human chromosome 6p21 is responsible for CCD (4, 5) . The transcription factor RUNX2 is a major regulator of osteoblastic differentiation and bone formation and has been shown to regulate a number of bonerelated genes by binding to the DNA sequence element called RUNX-binding site (PyGPyGGT) (6, 7) , including Type I collagen, osteocalcin, osteopontin, bone sialoprotein, collagenase-3, vascular endothelial growth factorand Type X collagen (8) (9) (10) (11) (12) (13) (14) (15) (16) . Several functional domains have been identified in RUNX2 proteins (17) . The Runt domain is a highly conserved 128 amino acid region that shares a high degree of homology with the Drosophila pair-rule gene Runt and mediates DNA binding and protein heterodimerization with RUNX2 partner core binding factor-beta (CBF-b) (18, 19) . Toward the Cterminus is a nuclear localization signal domain and a region rich in proline-serine-threonine, which is necessary for RUNX2-mediated transcriptional regulation and which is involved in functional interactions with various other transcription factors, co-activators and co-repressors (17) . RUNX2 also contains a region of glutamine-alanine repeats with potential transactivation function in the N-terminal region (17, 20, 21) . As a whole, the RUNX2 gene contains eight coding exons spanning a genomic region of 130 kb and encodes two major isoforms by its two promoters P1 and P2. Furthermore, several other minor splice variants have been described recently (21, 22) .
Full deletion of Runx2 in mice leads to defective endochondral and membranous bone formation characterized by the maturational arrest of osteoblasts, no ossification, no vascular invasion of cartilage and newborn death from breathing difficulties due to lack of a mineralized rib cage (23, 24) . The heterozygous Runx2 mutant mouse possesses a similar phenotype to human CCD, including open fontanelles and hypoplastic clavicles but no dental anomalies (25) . Moreover, radiation-induced Runx2 mutant mice also carry all the hallmarks of CCD (26) .
Therefore, characterization of RUNX2 mutations in CCD patients is important for RUNX2 functional studies; over 90 mutations have been identified with CCD, including familial and sporadic cases (1, 2, 27) . To investigate new pathogenic mutations associated with CCD, we compiled nine Chinese patients clinically diagnosed with CCD from three unrelated families and analysed the coding regions and the promoters of RUNX2 by direct sequencing and identified two nucleotide variations of RUNX2 in Case 1 from Mengyin, Shandong, including a reported nonsense mutation that converted arginine to a stop codon (c.577C.T, p.Arg193X) (1, 5, (28) (29) (30) and a silent polymorphism causing no amino acid alteration (c.240G.A). Our data add to the repertoire of RUNX2 mutations in CCD patients of China.
Subjects and methods

Patient sample collection
Nine patients from three unrelated families of different ethnic backgrounds with the clinical diagnosis of CCD due to a number of radiological and clinical signs, including persistently open fontanelles, multiple wormian bones in lambdoid and sagittal sutures, clavicular hypoplasia, short stature, wide pubic symphysis, cone-shaped thorax, articulation of humerus forms a pseudarthrosis, hypoplasia of duplex ribs and supernumerary teeth [more detailed diagnostic criteria, see (31) ] were enrolled in this study after they provided written informed consent. The study was approved by the Ethics Committee Board of Xiangya School of Medicine, Central South University, Hunan, China. Following the guidelines of the ethics committee, radiographs were only taken if necessary for diagnosis confirmation.
Mutation detection
Exons 1-8, 2 kb of P1 and P2 promoters of the human RUNX2 gene, were amplified by polymerase chain reaction (PCR) from genomic DNA (gDNA) in a thermal cycler (GeneAmp PCR System 9600; Perkin Elmer, Oak Brook, IL) with the specific primers [all showed in Table I ; some are reported by Quack et al. (5), others are designed in our laboratory; all directly synthesized by Yingjun Co., Shanghai, China]. The PCR conditions were optimized and the amplification products were checked by agarose gel electrophoresis and purified with the PCR purification kit (Qiagen N.V., Hilden, Germany) according to the manufacturer's protocols. Sequencing process was performed by Yingjun Biotechnology Co. Ltd (Shanghai, China) and the sequencing results were analysed by means of DNAssist 2.0 software. Every mutation was confirmed by twice-repeated PCR of the gDNA products and twice-repeated sequencing. Base-pair numbers used refer to GenBank entries AF001443-AF001450.
Transient co-transfection and western blot analysis
To perform the functional analysis corresponding to point mutations of Runx2 found in CCD patients, we used pCMVTag4 (BD Clonetech, Palo Alto, CA) expression vector and mouse Runx2-II and Runx2-I full-length cDNAs to generate Nterminal flag-tagged Runx2-II and Runx2-I constructs. We also used a PCR site mutagenesis strategy to create the CCD mutant construct that is able to produce the truncated Runx2 protein.
COS-7 cells were cultured in Dulbecco's modified Eagle's minimal essential medium containing 10% foetal bovine serum and 1% penicillin/streptomycin. The full-length Runx2-II and Runx2-I isoforms or mutant constructs along with 1.3-osteocalcin promoter-luciferase reporter construct were transiently co-transfected into COS-7 cells by electroporation using Cell Line Nucleofector Kit R according to the manufacturer's protocol (Amaxa Inc., Gaithersburg, MD). Promoter activity was assessed by measuring luciferase activity 48 h after transfection as previously described (32) . The total cell lysates were prepared using a radioimmune precipitation assay buffer (Boston Bioproducts, Ashland, MA) with a cocktail proteinase inhibitor (Roche Applied Science, Indianapolis, IN). Protein concentrations were determined with a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA). Equal quantities of protein were subjected to NuPAGE 4-12% Bis-Tris Gel (Invitrogen, Carlsbad, CA) and analysed with a standard western blot protocol (32, 33) . Primary Anti-M2 (Flag) antibody was purchased from Sigma-Aldrich (St Louis, MO). Signals were detected using a horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA) and an enhanced chemiluminescence detection kit (ECL Plus Western Blotting Detection Reagents; GE Healthcare, Piscataway, NJ). Figure 1 . Two nucleotide substitutions were identified in Case 1, including one reported nonsense mutation (c.577C.T, p.Arg193X) located at the C-terminal end of the Runt domain of RUNX2 and passed to the two daughters from the affected father ( Figure 2) . The other was a silent substitution (c.240G.A) that was detected in the father and passed to one of his daughters, whereas the other daughter did not carry the silent missense variant (Figure 3) . Case 2 (35) had three affected members, a mother with a son and daughter, from Laiwu, Shandong. The mother showed large fontanelles, wide cranial sutures, congenital coxa vara, pubis hypoplasia, spinal bifida and bridge of the nose collapse. Moreover, the primary teeth overlapped with the secondary teeth instead of degenerate and the right clavicle was absent at the distal one-third parts and formed sloping shoulders. Her son was found with clavicular pseudarthrosis, sloping shoulders, unclosed anterior fontanel and broad cranial sutures, no secondary teeth, clavicular osseous heteroplasia, cone-shaped thorax and bilateral pubic bone absent. The affected daughter displayed open anterior fontanelles and posterior fontanel, wide cranial sutures, sloping shoulders, right coxa vara abnormity, wide pubic symphysis, cone-shaped thorax and three pieces of hypoplastic carpal bones. Mutational testing was completed and no variations were found.
Results
Mutation detection
Case 3 had three affected members, a grandmother with her younger brother and the grandson, from Xuzhou, Jiangsu. The grandmother was noted having a permanent open frontal fontanel since childhood. Her upper dentition was irregular and the secondary teeth did not erupt. She had multiple wormian bones in cranial sutures and showed congenital coxa vara. Her right clavicle was absent at the distal half and forms a pseudoarthrosis with increased mobility. Her younger brother was also found with open fontanelles and multiple wormian bones in lambdoid and showed sagittal sutures, cone-shaped thorax and clavicular hypoplasia leading a hypermobility of the shoulder girdle. The grandson had macrocephaly with open cranial sutures and was found to have irregular primary teeth, no secondary teeth, a cone-shaped thorax and bilateral pubic bone absent. Mutational testing was completed and no variations were found.
All the clinical features of the nine CCD patients were summarized in Table II . The usually reported supernumerary teeth were not found in the present study.
A functional analysis of RUNX2 point mutation in the CCD patients As shown in Figure 4A , transient co-transfection of fulllength Runx2 cDNA along with 1.3-kb osteocalcin promoterluciferase reporter induced .3-fold stimulation on mouse osteocalcin promoter activity. The full-length Runx2-II and Runx2-I isoforms displayed a similar transactivation. In contrast, transient co-transfection of mutant Runx2 cDNA along with 1.3-kb osteocalcin promoter-luciferase reporter construct had no affect on mouse osteocalcin promoter activity. Western blot analysis revealed that full-length Runx2-II and Runx2-I isoforms generated 64-kDa functional Runx2 proteins, whereas mutant Runx2 isoform constructs produced 30-kDa non-functional truncated proteins due to a mutation at nucleotide c.577C.T (p.Arg193X) converting a coding triplet to a stop codon. The presence of a truncated protein resulting from the nonsense mutation suggests that there is no nonsense-mediated decay ( Figure 4B ). Taken together, the results confirmed that loss of function RUNX2 mutation in this CCD family is responsible for the CCD phenotype. 
Discussion
RUNX2 is the key transcription factor regulating osteoblast differentiation and bone formation. Heterozygous nonsense mutations or missense mutations have been demonstrated leading to the autosomal dominant skeletal disorder CCD (1) (2) (3) . In this report, we have described nine Chinese patients from three different familial cases who were clinically diagnosed with CCD. A sequence analysis of RUNX2-coding domains and promoters was undertaken in these patients to determine RUNX2 mutations in Chinese CCD patients whether any new mutations could be found. Our study identified two nucleotide changes of RUNX2 in Chinese CCD patients. The nonsense mutation identified in Case 1 (c.577C.T, p.Arg193X) resides at the C-terminal of Runt domain of RUNX2 which is highly conserved and has the unique ability of mediating DNA binding and protein heterodimerization with CBF-b (5, 17) . The mutation resulted in a truncated protein, lacking 314 amino acids from the C-terminus. The in vitro functional study confirmed that R193X mutation completely abolished the transactivation function of both Runx2-I and Runx2-II isoforms as shown by its failure to stimulate the promoter of mouse osteocalcin gene containing two Runx2-binding sites, which could be responsible for this patient's CCD phenotype. However, this mutation results in a nodegraded truncated Runx2 protein as evidenced by the similar band density in western blot, indicating that there is no nonsense-mediated decay (Figure 4 ). R193X mutation has been found frequently in Caucasian CCD patients (36) , whereas the mutations reported recently in Chinese patients were not detected in our cohort (30, 37) . Moreover, in this study, the patients did not have supernumerary teeth, one of the common clinical traits of CCD, but were featured as having an absence and/or late eruption of teeth, which might be a primary hypodontia from CCD or a secondary hypodontia from other causes (e.g. caries). However, genotype-phenotype correlations have not yet been established for the different RUNX2 mutations found in CCD and some alleles of RUNX2 were only found to be associated with bone mineral density and osteoporosis (38) .
Although the CCD phenotype has been shown to have genetic linkage to the RUNX2 locus, no mutations were detected in up to one-third of patients referred for DNA analysis as listed in Table III . Some of these studies, in which genes other than RUNX2 were also sequenced, such as aristaless-like homeobox 4 (ALX4), msh homeobox 2 (MSX2), RUNX2 DNA-binding partner CBF-b failed to provide any molecular mechanism of CCD. We did not find any mutation in Case 2 and 3 patients with typical features of CCD after screening the coding domains and promoters of RUNX2 gene. However, it cannot be ruled out that there may be variations located in the regions that have not been sequenced in this study.
Developmental defects in calvaria and clavicles can be exhibited in mouse models in which Runx2 expression was reduced to a threshold extent (39) . Furthermore, Cbfb-deficient mice displayed impaired bone development manifest as wide sutures and decreased bone ossification and hypoplastic clavicles similar to the pattern in Runx2-deficient mice (18) . These defects were also evident in a patient with interstitial deletion at 16q21q22, where the CBF-b gene is located (40) . Taken together, potential reasons why no mutations were found in the coding region of this CCD patient might be a partial or total gene deletion, a deep intronic mutation (resulting in a splicing defect), long-range regulatory rearrangement (e.g. regulatory deletion, point mutation in distant regulatory element) or 3#untranslated region change disrupting an microRNA-binding site, etc., in the RUNX2 locus. Moreover, chromosome or intragenic microdeletion of RUNX2 was demonstrated to be another mechanism for CCD (41, 42) which indicates that the methodology is a limitation of this study. Thus, further analysis of negative cases of these RUNX2 mutations might represent an important new phenocopy of CCD that was previously described in the literature (43) (44) (45) (46) .
Conclusions
Our data demonstrate for the first time a nonsense mutation (c.577C.T, p.Arg193X) in Chinese CCD patients and add to the repertoire of RUNX2 mutations in China. 
